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ABSTRACT

Frass deriving from Hermetia illucens was explored as a new sustainable tool to induce biostimulation and/or antifungal activity
in Solanum lycopersicum L. var Cerasiforme and Triticum durum Desf. var Simeto against the soil-borne pathogens Fusarium
spp. Phytotoxicity and in vitro antagonism assessments (mycelial growth inhibition of about 40%) allowed to define the optimal

dilution of 10% of pasteurised-frass extract (pFE) to employ for seed priming. Germination tests on water agar demonstrated the

priming effectiveness for wheat, but not for tomato, as the analysed parameters were not positively affected. The pFE was used

also in combination with the known biocontrol agent Trichoderma harzianum T22 (T22), demonstrating that they could work
together to obtain a good growth promotion and protective effect in wheat. Indeed, the priming with pFE significantly reduced
the disease incidence of almost 60% or 80%, compared to the infected control, if used alone or combined with T22, respectively.
The ability of frass extract to control F. sporotrichioides in wheat was attributed to both enzymatic and non-enzymatic responses,
due to observed differences in total phenolic content (TPC) and superoxide dismutase activity (SOD) in seedlings derived from

treated seeds, compared to untreated control. Our findings highlight the great potential of H. illucens frass as a sustainable,

green, and circular economy-based tool in agricultural systems.

1 | Introduction

The world population has increased rapidly in the last century,
with the estimation to reach 9.7 billion in 2050 and the con-
sequent worldwide increases of about 70% in food demand
(Poveda 2021). The contemporary need to reduce the environ-
mental impact during food production is encouraging re-
searchers to implement useful guidelines for improving
seedling quality and sustainability of crops (Ronga et al. 2021).

Indeed, the requirement to increase production determined an
indiscriminate use of synthetic fertilisers and pesticides in
agriculture, resulting in chemical pollution of the natural
resources, contamination of food itself and, in turn, dangerous
consequences for animal and human health (Lindgren
et al. 2018). Therefore, the reduction of the chemical fertilisers
and pesticides represents a fundamental objective of current
lines of research to contain, or rather reduce, environmental
and food pollution (Bargaz et al. 2018).
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Durum wheat (Triticum durum Desf., family Poaceae) and
tomato (Solanum lycopersicum L., family Solanaceae) are widely
cultivated crops (Food and Agriculture Organization of United
Nations 2023). Climate changes are responsible for a possible
increase of illness risk and, therefore, of plant physiological
alteration, observed since germination and first seedling growth
phases (Vitti et al. 2015). In particular, soil-borne fungi
belonging to the Fusarium genus are the causal agents of head
blight and/or wilt diseases in wheat (Alisaac and Mahlein 2023)
and tomato plants (Srinivas et al. 2019). These pathogens affect
the seed germination and young seedlings, and they become the
limiting factor in their production in both open fields and under
greenhouse cultivation systems (Ekwomadu and Mwanza 2023;
Igbal 2024; Nazari et al. 2019; Simdes and De Andrade 2023).

Studies carried out with both ancient and modern varieties have
provided valuable information on the characteristics of the devel-
opment of the wheat root system, when a growth promoting
microorganism is used (Bochicchio et al. 2022), and its biocontrol
effect, when used under biotic stress conditions (Vitti et al. 2022).
Indeed, microorganisms, such as Bacillus spp. and Trichoderma
spp., possess the ability to foster plant growth and/or defence
against pathogens during the entire plant life cycle, from seed ger-
mination to plant maturity (Tsolakidou et al. 2024). In addition to
microorganisms, an ever-increasing number of studies is aimed at
the identification and optimal use of natural substances that can
allow plants to implement adaptation strategies to the main biotic
stresses (Rachitha et al. 2017; Godlewska, Ronga, and Michalak
2021), in particular diseases induced by Fusarium spp. for wheat
and tomato (Chun and Chandrasekaran 2019; Francesconi et al.
2020; Uwineza et al. 2024).

In recent years, insect farming has achieved considerable success
for the production of sustainable proteins and secondary prod-
ucts, including frass (Franco 2024). According to current
European legislation (European Commission Regulation (EU)
No 2021/1925 of 5 November) (European Commission 2021),
modifying the Commission Regulation (EU) No 142/2011
(Commission Regulation 2011), frass is «a mixture of excrement
derived from farmed insects, the feeding substrate, parts of
farmed insects, dead eggs and with a content of dead farmed
insects of not more than 5% in volume and not more than 3% in
weight». Frass is rich in macro and micro-nutrients and its
characteristics could be comparable to those of some types of
compost (Arabzadeh et al. 2022). Therefore, insect farming, in
particular of bioconverter, and the valorisation of its by-products
can be a sustainable strategy for the environment, because it
allows not only the by-products disposal and the recovery of
nutrients from these matrices, but also reduce the impact of
agricultural activities on natural resources by using frass as
natural biostimulant/antifungal. Frass in agriculture, according
to EC Regulation No 2021/1925 (European Commission 2021),
can be used as an organic fertiliser as long as it is subjected to
pasteurisation by a heat treatment at 70°C for at least 1 h.

The non-pest fly Hermetia illucens, Diptera, Stratiomyidae family,
known as the black soldier fly (BSF) is able to convert organic
waste into nutrient-rich biomass (Scieuzo et al. 2023). Frass
deriving from H. illucens, if appropriately diluted, has shown
benefits when used for the production of baby-leaf lettuce as a
substrate, both in the nursery phase and in the production of

potted plants (Setti et al. 2019). Positive effects have been referred
also on durum wheat plants grown in pots, in terms of plant
height, root dry weight, and chlorophyll indicators (Boudabbous
et al. 2023). Good results have been reported also on maize under
field conditions: improved growth, yield, and nitrogen use effi-
ciency (Beesigamukama et al. 2020). Recent literature is quite rich
about the biostimulant effect of frass on different species (Carroll,
Fitzpatrick, and Hodge 2023; Kawasaki et al. 2020; Labella
et al. 2024; Romano et al. 2023), meanwhile is rather scarce about
its use to protect crops from plant pathogens, as very recently
reviewed by Lomonaco et al. 2024. A first study investigated the
effect induced from the use of two different concentrations of
frass added in soil to verify the effectiveness in controlling soil-
borne pathogens of sugar-beet and cress (Elissen et al. 2019).
Other studies demonstrated the efficacy of frass to reduce plant
death in bean crop or 50% disease rate due to Fusarium oxy-
sporum and Rhigoctonia solani, respectively (Gebremikael
et al. 2020; Quilliam et al. 2020). More recently, Arabzadeh
et al. 2022. inquired into the effect of a liquid frass extract,
obtained by feeding BSF larvae on a standard Gainesville diet, on
five different phytopathogenic fungi (Alternaria solani, Botrytis
cinerea, Pythium capsici, F. oxysporum and R. solani) by an in vitro
test, indicating a mycelial growth inhibition of these fungi.

It has been demonstrated that chitinous amendments, as frass is,
enhanced the establishment and antagonistic activity of some
biocontrol microorganisms, rendering the soil environment more
suitable for the success of the introduced biocontrol agents
(Barragan-Fonseca et al. 2023). For example, the efficiency of the
biocontrol and plant growth promotion by Bacillus subtilis AF 1
has been improved by the use of chitin-supplemented formula-
tions (Manjula and Podile 2005). Moreover, the suppressiveness
induced by actinobacterial and oxalobacteraceal communities of
an experimental agricultural field has been increased when a
chitin amendment has been utilised (Cretoiu et al. 2013). More
recently, Fuhrmann et al. 2022. indicated that the application of
BSF larval residues has influenced the soil microbial communi-
ties, particularly fungi.

On these bases, the present work aimed to develop an innovative
approach of protection of tomato and wheat plants, based on the
use of H. illucens-derived frass extract as priming of seeds. For this
purpose, a preliminarily possible in vitro antimycotic activity against
different fungal phytopathogens and potential phytotoxic/biosti-
mulant effects on test plants was assessed. Finally, frass extract was
used to treat the seeds, also in synergistic activity with the known
biocontrol Trichoderma harzianum T22. Its potential use as a new
formulation to ameliorate the germination and seedling growth,
and induce a protective effect against Fusarium spp. is based on the
hypothesis that frass has macro- and micro-nutrients and possible
presence of microorganisms producing antifungal compounds
responsible to trigger plant resistance by involving enzymatic and/
or non-enzymatic defence mechanisms.

2 | Materials and Methods
21 | Plant Material and Fungal Isolates

Wheat (Triticum durum Desf. var Simeto), tomato (Solanum
lycopersicum L. var Cerasiforme) and cress (Lepidium sativum L.
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var Comune) seeds were surface sterilised in 1% sodium hypo-
chlorite for 2 min, then rinsed with sterile distilled water thrice
and let dry under laminar flow hood.

Botrytis cinerea isolate (BC) was provided from the DAFE
(Department of Agricultural, Forestry, Food and Environmental
Sciences, University of Basilicata) culture collection.

Fusarium oxysporum f. sp. lycopersici (FOLYC) was kindly
provided by Dr. Catello Pane of Consiglio per la Ricerca in
Agricoltura e L'analisi dell'Economia Agraria (CREA), Centro
di Ricerca Orticoltura e Florovivaismo, Pontecagnano Faiano,
Salerno, Italy.

Fusarium sporotrichioides PZ2 strain (FS) was kindly provided
by Prof. Antonio Ippolito of Department of Soil, Plant and Food
Sciences, University “Aldo Moro”, Bari, Italy.

Trichoderma harzianum, renamed T. afroharzianum (Chaverri
et al. 2015), strain T22 (T22), was sourced from Trianum P (Koppert
Italia S.r.l.,, Viale delle Nazioni 7, Bussolengo, Verona, Italy).

All fungal mycelia were grown on potato dextrose agar (PDA)
for 7 days in the dark at 23°C-26°C.
2.2 | H. illucens Rearing, Frass Recovery,

Chemical and Microbiological Properties

Black soldier fly eggs were provided by Xflies s.r.l. (Potenza,
Ttaly) and stored at 27.0 + 1.0°C, 70.0% relative humidity (RH)

2.3 | Frass Extract Preparation

Frass extract was obtained according to Arabzadeh et al. 2022.
with minor modification. Briefly, 10 g of pasteurised frass (pF)
were added to 100 mL of sterile physiological saline solution
(0.5% NaCl) under agitation for 1 h at 27°C. After ultra-
centrifugation at 6000 X g for 15 min, the supernatant was re-
covered using a double layer of sterile gauze resulting as the
final frass extract (pFE).

24 | Seed Germination Assay With Frass Extract
on Different Plant Species

The experiment was performed using cress as the test plant, while
tomato and wheat seeds were considered to assess the best pFE
concentration to be used in all following experiments. To assess the
phytotoxicity of the frass, the extract previously obtained, as such
and serial diluted (50%, 25%, 12%, and 6%), was prepared, and the
germination test was performed according to Vitti et al. 2024 with
little modifications. Briefly, 15 seeds were placed into 90 mm Petri
dishes containing sterile filter paper wetted with 5mL of each
dilution and incubated in a growth chamber at 20°C for 72 h (cress
and wheat) or 25°C for 96 h (tomato) depending on their different
needs for optimal germination. At the end of the incubation time,
number of germinated seeds and radicle length (hypocotyl + root)
were measured, this latter with ImageJ 1.54 d software (Schneider,
Rasband, and Eliceiri 2012).

Seed Germination Index (SGI) was determined according to the
following formula:

SGI % = [(n. seeds germinated in sample/n. seeds germinated in control)

@

X (radicle length in sample/radicle length in control)] x 100

for 48 h. After egg hatching, four groups of 10,000 neonates
were reared on the standard Gainesville diet, provided by the
animal feed factory Mangimi Losasso s.r..—Balvano (Potenza,
Italy), consisting of 20% corn, 30% alfalfa meal, and 50% wheat
bran (Hogsette 1992), at 70% moisture for 4 days. On the fif-
th day, each group of 10,000 larvae, the frass and the leftover
Gainesville diet were transferred into plastic boxes containing
7 kg of standard diet at 70% of humidity, as reported in Scieuzo
et al. 2023. Plastic boxes were incubated in an environmental
test chamber (temperature of 27.0 + 1.0°C, 70.0% RH, photo-
period of 0:24 Light:Dark). The 4-days old larvae were allowed
to develop until the stage of prepupae for a total of 10 days. At
this stage, the breeding boxes were sieved with a vibrating
sieve (Guangzhou Flysource biotechnology Co. Ltd.-China)
(5mm grid size) to separate frass from larvae and prepupae.
Frass was pasteurised by a heat treatment at 70°C for 1-2h,
according to the Commission Regulation (EU) No 142/2011
and subsequent modifications of EC Regulation (EU) No 2021/
1925 and stored in a hermetic plastic bag until use. Chemical
and microbiological characteristics of frass reported in
Table S1 were analysed by an external laboratory (ARA, As-
sociazione Regionale Allevatori, Potenza, Italy), according to
Labella et al. 2024.

A value of SGI equal or higher than 80% indicated that frass
extract did not induce phytotoxic effect (Luo et al. 2018), while a
value significantly higher than 100% indicated a biostimulant
effect.

The experiment was carried out in triplicate.

2.5 | In Vitro Antifungal Activity

A dual culture overlay assay was used to assess the effect of
PFE on mycelial growth (Arabzadeh et al. 2022). Briefly, a first
layer of 20 mL of warm PDA (about 50°C), amended or not
(control) with 10% frass extract (v/v, pFE/PDA; 1% w/v, pF/
PDA), was poured into a 9 cm Petri dish and let incubate in
darkness for 48 h at 22°C. A second layer of 10 mL of warm
PDA (control) or PDA + pFE was poured on top of the previ-
ous layer and let incubate for 24 h at 4°C. After incubation, a
6 mm agar plug from 7 days old fungal PDA mycelial culture of
BC, FOLYC or FS was placed in the centre of the plate and
incubated for 7 days in the dark at 23°C-26°C. A double layer
of only PDA with a central mycelial plug of each fungus rep-
resented the control.

3 of 15

5UB01 SUOWILIOD SAIIER.I0 3[edt|dde au Aq pauRACB 91 SIPILE YO ‘35N JO'SOINI 10} ARIGIT BUIIUO AB]IM UO (SUOIIPUOD-PLE-SLLLIBH 003 1M AIRIGIBUIIUO//SUI) SUOIPLOD PUE S | 3U) 885 *[rZ02/2T/E0] Lo Areiqr1auiiuo 4| * 0owely 10 wikedspilu| Q1 eZuslod 1Q Bl |seg AIS AN - B|RGeR4 BIZLId Ad 0E00L Z98S/Z00T OT/10p/woo 3|1 AXRIGIPUIUO//SUNY W01 PPEOIUMOQ ‘Y ‘20Z ‘XSE0L9LT



Myecelial growth was assessed measuring the average of the
three rays (120° from each other) of the colony for each plate.
The inhibition percentage of mycelial growth (GI) was assessed
by the following formula:

GI% = [(Rc — Rt)/Rc] x 100, 2

where Rc is the radius of the colonies grown on PDA substrate
without pFE and Rt is the radius of the colonies grown on PDA
substrate with pFE.

The experiment was carried out in triplicate.

2.6 | Effect of Frass Extract on the In Vitro
Antagonistic Activity of T. harzianum T22 Against
Fungal Pathogens

The response of T22 as affected by pFE was evaluated by the
dual culture overlay antagonism assay. The plates were pre-
pared as described in the 2.5 section and then the two mycelial
plugs (T22 and BC, FOLYC or FS) were placed facing each other
at 2.5 cm from the edge of the plate. A double layer of only PDA
with a mycelial plug of each single fungus laterally placed
represented the control.

GI% was calculated according to the following formula:
GI% = [(Rmc — Rmt)/Rmc]| x 100, 3)

where Rmc is the radius of the colonies grown on PDA sub-
strate without T22 and pFE, while Rmt is the radius of the
colonies grown on PDA substrate in the direction of the
antagonist T22, with or without pFE in the medium.

Plates were incubated for 7 days at 23°C-26°C and the experi-
ment was carried out in triplicate.

2.7 | Tomato and Wheat Seed Priming With Frass
Extract Alone or Combined With T. harzianum and
Germination Test on Water Agar

Sterile seeds were soaked for 1 h in sterile distilled water
(control), Fusarium spp. (FS and FOLYC for wheat and tomato,
respectively) spore suspension (1 X 10° conidia/mL), T. harzia-
num T22 (T22) spore suspension (1 X 10° conidia/mL), 10% pFE
in sterile distilled water (v/v), alone or in combination, and then
let dry under laminar flow hood till constant weight. The
treatments were as follows:

— untreated and healthy control seed (CTRL);
— seed treated with frass extract (pFE);

— seed treated with T. harzianum (T22);

— seed treated with frass extract and T. harzianum
(pFE + T22);

— seed infected with Fusarium spp. (FS or FOLYC);

— seed treated with frass extract and infected with Fusarium
spp. (pFE vs. FS or pFE vs. FOLYC);

— seed treated with T. harzianum and infected with Fusar-
ium spp. (T22 vs. FS or T22 vs. FOLYC);

— seed treated with frass extract and T. harzianum, and in-
fected with Fusarium spp. (pFE + T22 vs. FS or pFE + T22
vs. FOLYC).

Twenty mL sterile water agar (WA) (15 g/L) were poured in a 9 cm
Petri dish and left to solidify. Ten primed and/or infected wheat or
tomato seeds were placed into each Petri dish, and put in a climate
control chamber with a photoperiod of 12h at 23°C (day/night).
After 3 days, the plate was covered with a 310 mL volume com-
postable PLA7 clear cup, according to a modified protocol by Géral
and Arseniuk (Goral and Arseniuk 2006). The experiment was
carried out in fifteen plates for each condition. At 10 days post
sowing, SGI was determined as described in the Section 2.4 on five
plates randomly chosen for each condition. Moreover, on wheat
seedlings from five plates randomly chosen for each condition,
seedling eight, fresh weight of the entire plantlet and dry weight,
oven-drying at 60°C until constant weight, were measured.

2.8 | Effect of Priming With Frass Extract Alone
or Combined With T. harzianum in Wheat Against
F. sporotrichioides

2.8.1 | Damping-Off Assessment

The plates were randomly grouped in five groups of three plates for
each condition, and the effect of pFE and T22, alone or in combi-
nations, on damping-off caused by F. sporotrichioides was evaluated
on the emerged seedlings in water agar for each group using the
following formula, as described by Veeken et al. 2005:

DO% = [(HPo — HPi)/HPo] x 100, 4)

where HPo is the number of healthy seedlings in the untreated
experimental condition and HPi is the number of healthy plantlets
in the treated and Fusarium spp. inoculated conditions.

2.8.2 | Total Phenolic Compound (TPC) Determination

Total phenolic content in wheat tissues (leaf + root) was determined
by the Folin-Ciocalteu colorimetric method using catechol as a
standard. Tissues (500 mg) of five seedlings randomly chosen from
five plates for each condition to obtain five tissue samples for each
thesis (n = 5) were homogenised in 2.5 mL aqueous methanol 80%
(v/v) for 2 h at 25°C, centrifuged at 10,000 x g for 5 min and the
resulting supernatant was recovered. The reaction was carried out
in 96-well plates. Each reaction solution contained 20 uL of me-
thanolic extract previously diluted with distilled water (1:5, v/v) and
100 uL Folin-Ciocalteau reagent previously diluted with distilled
water (1:10, v/v). The solution was gently mixed by carefully
shaking the plate for a few seconds and left for 3 min. Then, 80 uL
of 7.5% sodium carbonate was added and the solution was mixed
again. After dark incubation for 2 h, absorbance was measured at
750 nm using a microplate reader (mod. Multiskan FC, Thermo
Scientific, Fisher Scientific, Segrate, Italy). The mean absorbance
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value of five sample extracts for each condition, assayed in dupli-
cate, was taken.

2.8.3 | Antioxidant Enzyme Activity

Superoxide dismutase (SOD, EC1.15.1.1) enzyme activity was
determined according to Vitti et al. 2016. with some modifications,
starting from frozen leaf + root tissues (500 mg) of five seedlings
randomly chosen from five plates for each condition, to obtain five
tissue samples for each thesis (n = 5). Briefly, SOD extraction was
carried out homogenising the tissues in 5 mL of cold 20 mM HEPES
buffer, pH 7.2, containing 1 mM EGTA, 210 mM mannitol, and
70 mM sucrose, and then centrifuged at 1500 X g for 5 min at 4°C.
The resulting supernatant was recovered and absorbance was read
at 450 nm using the microplate reader Multiskan FC, according to
the manufacturer's instructions (SOD Assay Kit, item No. 706002,
Cayman Chemical, Ann Arbour, MI, USA). One unit of SOD was
defined as the amount of enzyme needed to exhibit 50% dismuta-
tion of the superoxide radical.

The mean absorbance value of five sample extracts for each
condition, assayed in duplicate, was taken into account.

2.9 | Statistical Analysis

Normal distribution of data was tested by the Shapiro-Wilk test at
p <0.05 and homoscedasticity was tested performing the Breusch-
Pagan test (p < 0.05). Data obtained from in vitro experiments and
seed germination test on water agar, indicated as percentages

relative to the control (%), damping-off and spectrophotometric
data, all expressed as mean + SD, were analysed according to one-
or two-way ANOVA (as specified in each table header and figure
caption) followed by Tukey's HSD test (p < 0.05).

R (version 4.2.3, R Foundation for Statistical Computing,
Vienna, Austria) with the software RStudio IDE (release
2023.06.0 + 421) and packages tidyverse (Wickham et al. 2019)
and multcompView (Graves, Piepho, and Selzer 2024), to write
and run R code were used.

3 | Results

3.1 | Frass Extract Phytotoxicity and
Biostimulating Properties Assessment

Results from seed germination tests on cress, tomato and wheat
are shown in Table 1. A value below 80% of the seed germi-
nation index (SGI) indicated a phytotoxic effect (Luo
et al. 2018), while a value significantly higher than 100% indi-
cated a biostimulant effect by frass extract. pFE induced a
biostimulant effect on all tested species. In particular, the SGI
values higher than 100% of control were found at the dilution
used of 12% and 25% for cress, in the range 6%-25% for tomato
and at 6% and 12% in wheat. This effect was mainly due to the
significantly enhanced value of RL in cress and tomato, while a
significant increase of both G and RL were observed in wheat.

Frass extract determined a phytotoxic effect only at the highest
dilution of 100% in all species, but also at 50% in cress, and at

TABLE 1 | Effect of frass extract (pFE) as such and at the different dilutions (50%, 25%, 12%, 6%) on seed germination, radicle elongation and

germination index of cress (Lepidium sativum L. var Comune), tomato (Solanum lycopersicum L. var. Cerasiforme) and wheat (Triticum durum Desf.
var Simeto).

pFE dilution (%) Parameter Cress Tomato Wheat

6 G 92.9 + 24.7%° 100.0 + 21.72 131.6 +9.1°°
12 G 100.0 + 12.4% 87.5+12.5 163.2+9.1*
25 G 92.9 +12.4%° 91.7 + 26.0° 1158 +9.1°
50 G 57.1 +12.4% 91.7 + 26.0° 110.5 + 15.8°
100 G 35.7+124° 75.0 +21.7° 31.6 +15.8°
6 RL 82.2+11.4° 135.1 + 31.6%° 115.8 + 1.6%
12 RL 170.8 +9.3% 158.8 +18.3% 116.9 +0.7*
25 RL 189.4 + 7.9° 130.2 +8.1%° 65.5+1.0°
50 RL 78.4+15.3° 99.5 4+ 24.25¢ 59.5+ 0.9
100 RL 76.9 +4.3° 61.3+9.4° 34.8+1.1¢
6 SGI 75.2 +18.3° 130.6 + 6.8% 152.3 +9.6°
12 SGI 171.4 + 29.0% 137.5+ 8.1° 190.7 +11.5%
25 SGI 176.0 + 25.6% 119.9 +36.1% 75.8 £ 6.7°
50 SGI 43.6 +4.0° 95.0 + 43.2%° 65.7 +9.5°
100 SGI 27.8+10.7° 46.8 +18.1° 11.0 + 5.5¢

Note: Data are indicated as percentages relative to the control (%) and expressed as mean (n = 3) + SD. Different letters in the same column per each considered parameter
indicate value significantly different according to one-way ANOVA followed by Tukey post hoc test (p < 0.05). SGI equal to or higher than 80% indicates the absence of

phytotoxic effects (Luo et al. 2018).

Abbreviations: G, germinated seeds; RL, radicle length; SGI, seed germination index.
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25% and 50% in wheat. This negative effect was caused by a
reduction of both G and RL, with the exception of tomato,
where the number of germinated seeds did not significantly
differ among all used pFE dilutions. Results obtained from
phytotoxicity test indicated the optimal dilution of 10% pFE to
use for all subsequent experiments.

3.2 | In Vitro Antifungal Effect of Frass Extract
on Mycelial Growth of B. cinerea, F. oxysporum f.
sp. Lycopersici and F. sporotrichioides

The effect of frass extract (pFE) added to the growth medium
against fungi is shown in Figure 1. A clear reduction of mycelial
growth was observed in plates where pFE was added in PDA
medium. Frass extract was effective especially against BC,
where an inhibition of 94.6% was observed. On the other side, a
42% and 40% mycelial growth reduction against FOLYC and FS
were detected, respectively.

3.3 | Effect of Frass Extract on In Vitro
Antagonistic Activity of T. harzianum T22

T. harzianum T22 showed the ability to induce a strong inhi-
bition of all tested phytopathogenic fungi (Figure 2) and, in
particular, against BC with a GI% of 95% (Figure 2a). Interest-
ingly, the presence of frass extract in the growth medium did
not significantly affect the antagonistic in vitro activity of T22,
although it was slightly reduced.

3.4 | Effect Induced by Frass Extract and

T. harzianum T22 on Germination of Tomato and
Wheat Seed Treated by Priming and Infected by
Fusarium Spp

The effects on tomato seed primed with pFE, T22, and pFE +
T22, infected or not with FS, are shown in Figure 3. Compared
to the control, priming determined a significant increase of 17%

120- 25 b b
90- —
X 60-
’ 1
30-
94.58 41.97 39.54
0 -
BC FoOLYC FS
(a)

of germinated seeds only when performed with T22 spores.
Radicle length and SGI were not affected by priming treatment.
Therefore, although never resulting in phytotoxic effects and in
some cases pFE treatment was able to increase G, RL and SGI
values with respect to control and/or FOLYC, this increase was
not significant compared to both control and FOLYC.

The effects on wheat seed primed with pFE, T22, and pFE +
T22, infected or not with FS are shown in Figures S1, 4 and 5.
Seed priming with pFE, T22 and pFE + T22 never resulted
phytotoxic because SGI was always over 80% (Luo et al. 2018).
In addition, when used alone, pFE determined a significant
biostimulant effect in terms of radicle elongation (RL increase
of 33% compared to the 100% of control) and, as a consequence,
of SGI, that increased of 44% with respect to not treated control
(Figure 4). Only when used together with T22, pFE determined
a significant increase in seedling height (+17% on control, data
not shown) and in radicle length (+26% on control), but not in
SGI due to the significantly lower number of germinated seeds
and seedlings obtained, accordingly (Figures S1 and 4). The
positive effect induced by pFE on RL was also observed in
presence of the pathogen (pFE vs. FS), while the effect was
positive in terms of G when it was used with T22 (pFE + T22 vs.
FS) (Figures S1 and 4). Indeed, an augmentation of 31% in RL
and 17% in G was gained on the control in pFE versus FS and
pFE + T22 versus FS, respectively, with an increase of SGI of
+36% in the latter. On the contrary, no significant difference
was observed in terms of G, RL and SGI in all treated and
infected seeds compared to the only infected seeds (FS)
(Figure 4).

With regard to weights, as shown in Figure 5, seed priming with
PFE + T22 increased fresh weight (FW) by 63% on the control,
while in all other treatments no significant differences were
denoted. Seed priming with pFE, T22, both alone or combined
(PFE + T22), caused an increase in dry weight (DW) of +42%,
+28%, +58%, respectively, compared to control. Also in pres-
ence of the disease, seedlings derived from seeds treated with
pFE and T22 (pFE + T22 vs. FS) showed an increased DW of
44% on the control (Figure 5).

BC FOLYC FS

CTRL

.

(b)

FIGURE 1 | Mycelial growth inhibition of B. cinerea (BC), F. oxysporum f. sp. lycopersici (FOLYC) and F. sporotrichioides (FS) induced by 10%
frass extract (pFE) added in the growth media: (a) bars represent the percentage of fungal growth inhibition (GI%). Different letters indicate mean
values (n = 3) + SD significantly different according to one-way ANOVA followed by Tukey post-hoc test (p < 0.05); (b) representative images of fungi

grown on PDA (CTRL) or PDA + pFE medium (pFE).
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FIGURE 2 | Mycelial growth inhibition of B. cinerea (BC), F. oxysporum f. sp. lycopersici (FOLYC) and F. sporotrichioides (FS) induced by
T. harzianum T22 (T22) with 10% frass extract added in the growth media (pFE + T22): (a) bars represent the percentage of fungal growth inhibition
(G1%). Different letters indicate mean values (n = 3) + SD significantly different according to two-way ANOVA followed by Tukey post-hoc test
(p <0.05); (b) representative images of fungi grown on PDA (CTRL), T22 against phytopathogenic fungi on PDA (T22), and T22 against phyto-
pathogenic fungi on PDA + pFE (pFE + T22).
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FIGURE 3 | Germination of tomato (Solanum lycopersicum L. var Cerasiforme) seeds primed with 10% frass extract (pFE), T. harzianum T22

(T22), alone or together (pFE + T22) and infected with F. oxysporum f. sp. lycopersici (FOLYC) or not. Bars represent the percentage relative to the
control (%) of germinated seeds (G, red colour), radicle length (RL, green colour) and seed germination index (SGI, blue colour). For each considered
parameter, different letters (same colour) indicate mean values (n = 5) + SD significantly different according to one-way ANOVA followed by Tukey
post hoc test (p < 0.05). The red line and the dashed black line designate the percentages of the phytotoxicity (80%) and the control (100%) threshold,
respectively.

3.5 | Protective Effect Against Fusarium optical microscope (data not shown). In particular, as reported

Sporotrichioides Induced by Frass Extract and T.
harzianum T22 on Wheat Seed Treated by Priming

The infection with pathogen spores did not cause presence of
symptoms on the seedling aerial parts. On the contrary, the
presence of fungal mycelium was clearly observed on seeds and
roots (Figure Slc), reisolated on PDA and observed under

in Table 2, FS caused an incidence of 48%, while the priming
with pFE, T22 or pFE + T22 were able to significantly control
the disease. Indeed, pFE alone reduced incidence to 21%, T22 to
4% and pFE + T22 to 11%, indicating the ability of frass extract
to control F. sporotrichioides almost 60% compared to the pos-
itive control (FS) if used alone (pFE vs. FS) and really almost
80% when used together with T22 (pFE + T22 vs. FS).
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FIGURE 4 | Germination of durum wheat (Triticum durum Desf. var Simeto) seeds primed with 10% frass extract (pFE), T. harzianum

T22 (T22), alone or together (pFE + T22) and infected with F. sporotrichioides (FS) or not. Bars represent the percentage relative to the
control (%) of germinated seeds (G, red colour), radicle length (RL, green colour) and seed germination index (SGI, blue colour). For each
considered parameter (same colour), different letters indicate mean values (n = 5) + SD significantly different according to one-way ANOVA
followed by Tukey post hoc test (p < 0.05). The red line and the dashed black line designate the percentages of the phytotoxicity (80%) and

the control (100%) threshold, respectively.
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FIGURE 5 | Seedling growth parameters of durum wheat (Triticum durum Desf. var Simeto) untreated seed (CTRL) or seeds primed with

10% frass extract (pFE), T. harzianum T22 (T22), alone or together (pFE + T22) and infected with F. sporotrichioides (FS) or not. Bars
represent the percentage relative to the control (%) of fresh weight (FW, green colour), dry weight (DW, red colour). For each considered
parameter (same colour) different letters indicate mean values (n = 5) + SD significantly different according to one-way ANOVA followed by

Tukey post hoc test (p <0.05).

3.6 | Effect of Frass Extract and T. harzianum T22
Applied as Seed Priming on Phenolic Compounds
and SOD Enzyme Activity in F. sporotrichioides
Infected Seedlings

The responses of seed infection and priming with frass ex-
tract and/or T. harzianum T22 was evaluated by quantifying
the content of total phenols (TPC) and total SOD activity,
respectively, as reported in Figure 6. The highest significant

TPC was in tissues of seedlings derived from seeds only
infected with the fungus (FS), while the priming induced
values of TPC that were never significantly different to
control (Figure 6a). On the contrary, SOD activity resulted
the highest in control seedlings and significantly lower than
CTRL in all the other thesis, in particular when T22 was
used for biopriming, with a decrease of —22, —19, —35, and
—40% in FS, pFE versus FS, T22 versus FS, and pFE + T22
versus FS, respectively (Figure 6b).
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4 | Discussion

H. illucens is commonly used as a bioconverter insect of organic
waste during its larval stage, to dispose of this waste and obtain
secondary products of high value. Among the most promising
outputs there are chitin and its derivative and frass, which can
foster the circularity of the agri-food sector (Scieuzo et al. 2023;
Surendra et al. 2020; Triunfo et al. 2022). Frass can be valorised
as a sustainable alternative to chemical fertilisers thanks to its
known richness in macro- and micro-nutrients (Beesigamukama
et al. 2020). Taking into consideration the antimicrobial effects of
frass against some phytopathogenic fungi, as very recently reviewed
by Lomonaco et al. 2024, in the current study a 10% frass extract
(w/v) was employed as an eco-friendly antifungal and biostimulant
substance. Frass extract was obtained from thermal treated frass of
H. illucens larvae reared on the Gainesville diet under standard
conditions. Extraction process involved only the use of a physiologic
saline solution, resulting in a totally eco-healt-friendly process. Frass
extract (pFE) was used in vitro, added in the growth medium, to
gain knowledge about the optimal conditions of its use. Subse-
quently, pFE was employed as an innovative approach for frass
application, that is seed priming, to evaluate its ability to stimulate
germination and seedling growth and, at the same time, to control
the disease induced by the two phytopathogenic fungi Fusarium
oxysporum f. sp. lycopersici and F. sporotrichioides, destructive for
the two important crops tomato and wheat, respectively.

TABLE 2 | Percentage of F. sporotrichioides (FS) incidence in
wheat (Triticum durum Desf. var Simeto) seedlings derived from seeds
infected with FS and primed with 10% frass extract (pFE vs. FS),

T. harzianum T22 (T22 vs. FS), and pFE and T22 together (pFE + T22
vs. FS), germinated on water agar substrate.

Treatment Incidence (%)
FS 47.6 + 6.9%
pFE versus FS 20.5+5.6°
T22 versus FS 3.7+ 6.4°
pFE + T22 versus FS 10.7 + 0.6

Note: Different letters indicate mean values (n = 5) + SD significantly different
according to one-way ANOVA followed by Tukey post-hoc test (p < 0.05).
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Frass extract induced a biostimulation effect at dilutions of
12%-25% in cress, used as test plant, between 6% and 25% or 6%
and 12% in tomato and wheat, respectively, with a seed ger-
mination index (SGI) value always significantly higher than
control (see Table 1). It was demonstrated that high electrical
conductivity (EC) and salinity reduce the germination and the
emergence speed in cress (Dawd and Abdulla 2020; YILDIRIM
et al. 2022), as observed in the current study, where percentages
no higher than 25% were effective in stimulating the germina-
tion of cress seed. In addition, our finding confirms those
obtained by Bohm et al. 2023 on Lactuca sativa and Raphanus
sativus. Indeed, authors observed that a 25% dilution of a frass
extract derived from BSF-based bioconversion of biosolids led to
a subsequent reduction of some toxic compounds, compared to
no diluted frass extract. This has been attributed to a decrease of
ammonium nitrogen (NH,*-N) and EC, both negatively corre-
lated to germination. The EC and NH,*-N values of the dif-
ferent frass used by Bohm et al. 2023 were on average about
2.4mS/cm and 4.7 g/kg, respectively. In our case the EC is
almost two-fold (4.56 + 0.00 mS/cm) that of Bohm et al. 2023,
while NH,*-N is very similar (4.77 +0.51 g/kg) (see Table S1).
The higher value of EC could explain the necessity to use pFE at
a higher dilution than 25% to obtain the best seeds germination,
in particular for wheat. Indeed, pFE always resulted phytotoxic,
with SGI values below 80% (Luo et al. 2018), when used as it is,
or diluted at 50% in cress, and also at 25% on wheat. In this
latter species this can be probably due to wheat germination,
that is the phenological phase in which it manifests its highest
sensibility to salinity (Francois et al. 1986). On the other hand,
tomato seeds resulted less sensitive to EC than wheat, probably
because first growth stages of tomato are negatively affected
only by EC above 3mS/cm (Lu et al. 2022), while the pFE
dilution of 50% has clearly led to lower values.

Regarding the suppressive effect of frass extract, the inclusion of
pFE in the growth medium in the in vitro trial led to a clear
inhibition of about 95%, 42% and 40% of the three tested fungi B.
cinerea (BC), F. oxysporum f. sp. lycopersici (FOLYC) and F.
sporotrichioides (FS), respectively (see Figure 1).

The presence of some beneficial microorganisms in a not-filtered
frass derived by BSFL reared on Gainesville diet under standard
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FIGURE 6 | Total phenol content (TPC) (a) and activity of total superoxide dismutase (SOD) (b) measured in leaf + root tissues of durum wheat
(Triticum durum Desf. var Simeto) of seedlings derived from seeds untreated (CTRL) or infected with F. sporotrichioides (FS) and primed with 10%
frass extract (pFE vs. FS), T. harzianum T22 (T22 vs. FS), and pFE and T22 together (pFE + T22 vs. FS), germinated on water agar substrate. Bars
indicate mean values (n = 5) + SD significantly different according to one-way ANOVA followed by Tukey post hoc test (p < 0.05).
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conditions, allowed a 95% and 100% inhibition of B. cinerea and F.
oxysporum mycelial growth, respectively (Arabzadeh et al. 2022). At
the same time, this frass extract, when microfiltered (0.22 um),
induced a definitely lower inhibition (29%) of the fungal mycelial
growth of only B. cinerea. The authors supposed that in this case,
although microorganisms are removed by filtration process, they
were able to produce antifungal compounds, that remain active in
the microfiltered frass extract in a concentration high enough to
inhibit B. cinerea growth, but not that of F. oxysporum. Our results
showed a 65% higher efficacy against B. cinerea and about 40%
against Fusarium spp. compared to microfiltered frass extract by
Arabzadeh et al. 2022. This work is the first to assess the effec-
tiveness of an extract obtained from thermally treated frass against
fungal plant pathogens. According to EU regulation, indeed, frass
must be treated at 70°C for at least an hour before commerciali-
sation to reduce its content in harmful microorganisms. This
treatment could not kill all microorganisms, as already highlighted
by Labella et al. 2024, where in a thermally treated frass the bac-
terium Escherichia coli was detected. This can be due to spore-
forming bacteria, that can endure extreme conditions, such as high
temperatures, and allow them to survive and eventually recolonise
substrates once favourable conditions return (Setlow 2016). Our
in vitro results suggested that the use of pasteurised frass as extract
formulation could be effectively used in controlling fungal plant
pathogens, probably due to the presence of microorganisms able to
produce antifungal compounds at high concentration with
antibiosis effect against different plant pathogens (Arabzadeh
et al. 2022).

Several soil microorganisms possess antagonistic activity to
limit soil-borne plant pathogens, including Fusarium spp.
Among them, Trichoderma spp. are the most efficacious (Vitti
et al. 2022; Kubiak et al. 2023), even to limit the production of
mycotoxin accumulation in cereal grain caused by F. sporo-
trichioides (Wisniewska et al. 2011). On these basis, in the
current study the effect of pFE in presence of T. harzianum T22
was assessed. Trichoderma spp. can produce antibiotics, com-
pete for space and essential nutrients, produce cell-wall de-
grading enzymes, and induce plant defence mechanisms,
determining the suppression of the pathogens (Sood et al. 2020).
Based on in vitro analysis, Sempere Ferre and Santamarina
(Sempere Ferre and Santamarina 2010) demonstrated that T.
harzianum is able to compete for space and nutrients with F.
culmorum, colonising the available surface faster than the
pathogen at two different temperatures of growth, 15°C and
25°C. Geng et al. 2022 reported that T. harzianum completely
inhibits the growth at 25°C of B. cinerea on PDA in a dual-
culture assay. Similarly to these studies, our results showed that
T22 was capable of effectively reducing the mycelial growth of
all three considered fungal pathogens, reaching the best per-
formances against B. cinerea with a percentage of GI of 95% (see
Figure 2). Noteworthy, frass extract added in the growth
medium together with T22 did not reduce the inhibition of all
considered fungal pathogens in vitro, suggesting that frass ex-
tract did not interfere with T. harzianum T22 antagonistic
activity against BC, as well as FOLYC and FS, which had never
studied before.

Regarding subsequent in vivo study, here we focused on seed
priming techniques with both pFE and T22, to protect tomato
and wheat against FOLYC and FS, respectively. Our results

invite further studies on possible use of frass extract, also in
combination with T. harzianum, in a different approach for
plant treatment, to control B. cinerea.

Seed priming is a promising, efficient and low cost approach to
enhance germinative, growth and productive abilities of crops.
Indeed, the seed germination process initiates without radicle
protrusion thanks to its controlled imbibition in a solution at
low osmotic potential or just in water (Sher 2019). In this work,
due to frass richness in macro- and micro-nutrients and possible
presence of microorganisms (Arabzadeh et al. 2022; Setti
et al. 2019; Labella et al. 2024) we formulated a nutrient+bio-
priming with pFE for the seed treatment (Waqas et al. 2019;
Mahmood and Kataoka 2019) and evaluated its efficacy when
used alone or combined with T22, a known biocontrol agent
even used in seed biopriming (Chandra Nayaka et al. 2010;
Ferrigo et al. 2020; Sui et al. 2022).

On tomato, priming determined a significant increase of 17% of
germinated seeds only when performed with T22. Meanwhile,
radicle length and SGI were never affected by priming treat-
ment with pFE (see Figure 3). On the contrary, pFE determined
a significant biostimulant effect, above all in terms of radicle
elongation in wheat, inducing also a higher number of germi-
nated infected seeds when used together with T22, (pFE + T22
vs. FS) (see Figure 4). Waqas et al. 2019 demonstrated that
nutrient priming with a compost tea based on food waste en-
hanced germination, root length and seed germination index of
mung beans. The authors reported that the compost used for
priming contained 117.91 and 168 mg/kg of NO;-N and NH,4-N,
respectively. Frass used to prepare the extract in our study was
instead characterised by a definitely lower content of nitric
nitrogen (3.02 +0.01 mg/kg) and higher ammonium nitrogen
(4770.1 + 0.51 mg/kg) (see Table S1). In a study on the N- and
P-fertilisation effect induced by BSF by-products (frass, larval
exuviae, and dead adult flies) on maize, frass showed low
N-fertilisation effects attributed to volatilisation losses, mainly
driven by high pH and ammonium content (Gérttling,
Kirchner, and Schulz 2020). In addition, the high ratio organic
C/total N, that is 40, suggests that frass used in the current work
could determine a sort of immobilisation and further low
availability of nutrients (Lopes, Yong, and Lalander 2022). This
could be the reason for the low efficacy of seed priming with
pFE in tomato. On the contrary, primed wheat seeds were able
to germinate and grow better (see Figure 4) because they
probably absorbed more nutrients in presence of NH,-N than
NOs-N, as previously reported (Spratt and Gasser 1970; Goyal
and Huffaker 2015). Indeed, dry weight of seedlings derived
from wheat seeds primed with pFE was almost always higher
than control, in particular during the combined activity of pFE
and T22 (see Figure 5).

In addition to the interesting results obtained regarding the
biostimulant effect induced by pFE priming on wheat seeds, our
results demonstrated a good beneficial effect against F. sporo-
trichioides because the disease incidence was reduced of 57%
and 78% when used alone or combined with T22, respectively.
These findings are better if compared to the observation of
Quilliam et al. 2020, where the amendment with frass from BSF
larvae significantly reduced by about 40% the dead plants by
Fusarium wilt disease in cowpea. Moreover, in our work frass
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performed better also compared to the outcomes of a suppres-
sive bioassay on garden cress damping-off caused by Sclerotinia
minor, that was significantly reduced by BSF larvae frass of
about 30% (Setti et al. 2019). Indeed, the present work repre-
sents a pioneristic and positive first evaluation on the reduction
of Fusarium-induced pressure with the use of BSF frass in
wheat, showing its ability to be also used together with the
biological control agent T. harzianum.

After the recognition of pathogens, the plant can trigger several
defence mechanisms, including the production of ROS (reactive
oxygen species) and the reinforcement of cell walls, with phe-
nolic compounds or callose deposition (Chrpova et al. 2021).
The faster the induction of antioxidant production, the better is
the plant's resistance to the pathogen (Khaledi, Taheri, and
Falahati-Rastegar 2016).

Nonenzymatic antioxidant compounds, like phenolic com-
pounds, can act directly in the detoxification of ROS and radi-
cals, or they can reduce substrates for antioxidant enzymes
(Caverzan, Casassola, and Patussi Brammer 2016). They have
structural function in lignification and antibiotic activity and
are produced in response to attack and infection of pathogens
through the phenylpropanoid pathway (Orzali, Forni, and
Riccioni 2014).

In our experiment, performed on durum wheat cultivar Simeto,
highly susceptible to Fusarium spp (Orzali, Forni, and
Riccioni 2014), the highest total phenolic content (TPC) was
detected in infected seedlings, while all priming treatments did
not induce significant changes in TPC, compared to control (see
Figure 6). Similarly, Khaledi et al. (Khaledi, Taheri, and
Falahati-Rastegar 2016) reported that two infected wheat cul-
tivars, partially resistant and susceptible to F. graminearum and
F. culmorum, respectively, led to accumulation of non enzy-
matic and enzymatic antioxidants compounds, and that this
accumulation occurred more rapidly in the resistant cultivar.
Our results confirmed those obtained by Orzali, Forni and
Riccioni (2014) in a study with seed priming carried out with
chitosan, that led to the increase in phenolic content in the
same Simeto cultivar seedlings, with even higher accumulation
when the pathogen F. graminearum was inoculated. Phenolic
compounds have a broad spectrum of antifungal activity and
could be conjugated to the cell wall, by cross-linking poly-
saccharides and between polysaccharides and lignin, to prevent
pathogen colonisation and trigger an active mechanism of
resistance (Chrpova et al. 2021; McKeehen 1999). Hakulinen,
Sorjonen, and Julkunen-Tiitto (1999) asserted that the lowered
TPC is probably due to the synthesis of lignin, a polymer of
oxidised phenolic alcohols, that is bound to host plant cell walls
to enforce them and impede and/or prevent the penetration of
fungal hyphae (Dixon and Paiva 1995). Pastuszak et al. 2021
observed a decrease in TPC associated with a high content of
cell-wall-bound phenolic compounds (CWP) in a resistant
genotype to F. culmorum. In addition, they observed that TPC
and CWP content were negatively and positively correlated with
the content of H,0,, respectively. This negative correlation
during Fusarium infection was interpreted in a TP action as
antioxidants for the possible reduction in H,0, amount.
Therefore, the high TPC that we observed only in the infected
seedlings (FS) and the lowered TPC induced by priming

treatments with pFE (pFE vs. FS) and T22 (T22 vs. FS), more
when they act alone that together (pFE + T22 vs. FS) suggests
the defensive role of phenolics during fungal infection. Salycilic
acid acts as an inducer of systemic acquired resistance (SAR) in
plant. Its probable presence among phenolic compounds pro-
duced in Simeto seedlings derived from primed seeds with T22
and pFE could be the responsible for the plant's resistance to F.
sporotrichioides attack. This SAR could be due to the possible
production of pathogenesis-related proteins that act in the
decomposition of the fungal hyphae cell wall (Pastuszak
et al. 2021; Derckel et al. 1998; Arora et al. 2007).

ROS production and metabolism are controlled by several en-
zymes, especially SOD, that acts as the frontline in the defence
mechanism, catalysing the dismutation of superoxide O, into
0, and H,0, (Caverzan, Casassola, and Patussi Brammer 2016).

In our experiments, SOD activity always significantly decreased in
presence of FS, also following priming with pFE and T22, alone or
combined. By contrast, the highest SOD activity was in healthy
control plantlets, suggesting that this enzyme plays an important
role in ROS detoxification, to limit or prevent oxidative damages
caused by the fungus (Vitti et al. 2016). Our findings are partially
in line with the study on Triticum aestivum cv. Zyta, treated with
T. harzianum, that was able to control stress induced by F. cul-
morum by reducing SOD activity in 7 days old seedlings, but
where the presence of the pathogen alone determined an increase
in SOD activity (Mironenka, R6zalska, and Bernat 2021).

5 | Conclusions

The study explored, for the first time, frass deriving from H.
illucens as a new sustainable tool for inducing biostimulant
and/or antifungal activities in tomato and wheat plants against
Fusarium spp.

In particular, the well-established technique of seed priming
was employed with the frass extract (pFE) as an innovative and
eco-friendly formulation to stimulate seed germination and
seedlings growth, as well as enhance protection against the
pathogens. Results obtained by germination tests on water agar
were significant to gain knowledge of the effectiveness of using
priming for durum wheat (Triticum durum Desf. var Simeto),
with an increased performance in seedling growth of 44%
compared to untreated control, but not for tomato (Solanum
lycopersicum L. var Cerasiforme). In addition, phytotoxicity and
in vitro antagonism assessments allowed to define the optimal
dilution of 10% pFE to effectively use also for reducing the F.
sporotrichioides-induced disease incidence (DI) in wheat. This
reduction could be due to biochemical modifications induced by
priming with pFE alone (57% DI reduction), as well as com-
bined with the known effective biocontrol agent T. harzianum
T22 (78% DI reduction). Differences in TPCand SOD activity
observed in seedlings derived from treated seeds compared to
untreated control, seem to indicate that the highly susceptible
to Fusarium spp. cultivar Simeto brings into play both enzy-
matic and nonenzymatic responses as defence mechanisms
during the specific interaction with pathogen F. sporotrichioides.
Specifically, phenolic compounds showed a pivotal role in
reinforcing the host cell walls to impede and/or prevent the
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penetration of fungal hyphae. In light of overall results obtained
when pFE was used together with T22 (pFE + T22 vs. FS), it is
possible to conclude that they could work well in combination
to obtain both biostimulation and antifungal effect. Deeper
studies should be addressed to evaluate the ability of frass to
induce the same responses shown here, also when used in
different formulations and/or pathosystems. For practical ap-
plications in sustainable agriculture, the optimal dilution of
frass extract and its combination with biological control agents
like T. harzianum spp. could provide an effective strategy for
improving crop health and yield. Therefore, our results open the
door for further research in potted and field conditions for
implementing frass as a green, circular economy-based and
sustainable tool to be used in agriculture systems, also taking
into account that the production cost of BSF frass can have a
competitive advantage compared to other fertiliser/biostimulant
products. A significant factor in this cost-efficiency contest is
the larval ability to feed on organic by-products and waste,
reducing feed input costs and offering a solution to managing
organic waste, mitigating the high impact of conventional waste
disposal. In addition, life cycle assessment studies demonstrated
that BSF farms have a low environmental footprint in terms of
greenhouse gas emissions, land and water use, giving an added
value to the production process and fostering its economic and
environmental-friendly feasibility.
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